Background: Exposure to bisphenol A (BPA) has been reported to alter global gene expression, induce epigenetic modifications, and interfere with complex regulatory networks of cells. In addition to these reprogramming events, we have demonstrated that BPA exposure generates reactive oxygen species and promotes cellular survival when co-exposed with the oxidizing agent potassium bromate (KBrO 3 ). oBjectives: We determined the cellular microenvironment changes induced by co-exposure of BPA and KBrO 3 versus either agent alone. Methods: Ku70-deficient cells were exposed to 150 μM BPA, 20 mM KBrO 3 , or co-exposed to both agents. Four and 24 hr post-damage initiation by KBrO 3 , with BPA-only samples timed to coincide with these designated time points, we performed whole-genome microarray analysis and evaluated chromatin structure, DNA lesion load, glutathione content, and intracellular pH. results: We found that 4 hr post-damage initiation, BPA exposure and co-exposure transiently condensed chromatin compared with untreated and KBrO 3 -only treated cells; the transcription of DNA repair proteins was also reduced. At this time point, BPA exposure and co-exposure also reduced the change in intracellular pH observed after treatment with KBrO 3 alone. Twenty-four hours post-damage initiation, BPA-exposed cells showed less condensed chromatin than cells treated with KBrO 3 alone; the intracellular pH of the co-exposed cells was significantly reduced compared with untreated and KBrO 3 -treated cells; and significant up-regulation of DNA repair proteins was observed after co-exposure. Further examination of this cellular protective effect revealed that in the early repair window of 4 hr after exposure, BPA co-exposure reduced DNA strand-break signaling and resulted in the persistence of oxidatively induced DNA lesions (Table 1 ) (Gassman et al. 2015) beyond the typical DNA repair window of 2-4 hr (Hollenbach et al. 1999; Jaruga and Dizdaroglu 1996) . This combination of reduced strand-break initiation coupled with increased lesion load is often observed in glycosylase-deficient cells, suggesting that BPA may prevent the initiation of repair of oxidized base lesions, thus reducing the production of toxic strand-break intermediates (Roth and Samson 2002; Sobol et al. 2003) . Given that induction of oxidative stress can have profound consequences on the cellular microenvironment and that sustained oxidative insults have been shown to play a role in pathological processes, such as inflammation, cancer, and neurodegenerative diseases (Benhar et al. 2002; Roberts et al. 2009 ), understanding the mechanisms through which high-dose BPA co-exposure might influence cell survival and cell death in vitro may improve our understanding of the potential consequences of low-dose environmental exposure to BPA.
Introduction
World-wide production of bisphenol A (BPA) has increased exponentially as the demand for this chemical in consumer products, from food and beverage containers to epoxies, has grown (Vandenberg et al. 2007 ). This increase has resulted in elevated BPA levels in the air, water, and soil, as well as in human samples (Vandenberg et al. 2007 (Vandenberg et al. , 2010 . The ubiquity of BPA in our environment has resulted in concurrent exposures of BPA with endogenous and exogenous DNA-damaging events. Together, these exposures can increase the damage load of genomic DNA and have implications for genomic stability and the development and progression of disease. The estrogenic properties of BPA are one source of concern, and BPA exposure has been shown to cause DNA damage independent of its estrogenic properties over a range of doses from environmentally relevant nanomolar to high micromolar concentrations in both in vitro and in vivo models (Iso et al. 2006; Nishimura et al. 2014; Tiwari et al. 2012; Wu et al. 2013; Yang et al. 2009 ). However, the ways in which the DNA damage response and repair pathways address BPA exposure have not been extensively investigated.
We previously demonstrated that exposure to high-dose BPA (150 μM) generates reactive oxygen species (ROS) in a model experimental system of Ku70-deficient mouse embryonic fibroblasts (MEFs) (Gassman et al. 2015) . The Ku70-deficient cell line is sensitive to oxidizing agents, and its deficiency in double-strand break repair by nonhomologous end joining, which also serves as a back-up repair pathway for the base excision repair (BER) pathway, provides a window into the cellular responses to oxidatively induced DNA damage (Choi et al. 2014; Li et al. 2013) . Using this repairdeficient cell line, high-dose BPA exposure was found to increase oxidatively induced DNA lesions in genomic DNA (Gassman et al. 2015) . Because these BPA-induced DNA lesions would occur in concert with other DNA-damaging events during environmental exposures, the effects of co-exposure to BPA and the dietary oxidizing agent potassium bromate (KBrO 3 ) were also examined. KBrO 3 , which is primarily used in flour and bread-making to improve elasticity and rising, induces ROS and oxidatively induced DNA lesions, and it has been shown to be a carcinogen at high doses in various animal models (Ballmaier and Epe 2006) . Although KBrO 3 has been banned in a number of countries, it continues to be used in the United States, and co-exposure with BPA from foodstuffs may occur. However, this co-exposure would occur at lower doses than described both here and in our previous work. We chose to examine the effects of a high dose of KBrO 3 over a short exposure period to concentrate the effects of this agent. Using these conditions, we found that co-exposure to BPA and KBrO 3 resulted in a further increase in the levels of oxidatively induced DNA lesions (Table 1) . Both thymine glycol and 2,6-diamino-4-hydroxy-5-formamido pyrimidine (FapyGua) levels were significantly elevated over those of the control and over those of cells exposed to KBrO 3 alone (Gassman et al. 2015) . Surprisingly, despite volume 124 | number 8 | August 2016 • Environmental Health Perspectives the fact that both BPA and KBrO 3 induce oxidative stress, an improvement in cellular survival was observed after co-exposure to both agents ( Figure 1 , from Gassman et al. 2015) .
Further examination of this cellular protective effect revealed that in the early repair window of 4 hr after exposure, BPA co-exposure reduced DNA strand-break signaling and resulted in the persistence of oxidatively induced DNA lesions (Table 1 ) (Gassman et al. 2015) beyond the typical DNA repair window of 2-4 hr (Hollenbach et al. 1999; Jaruga and Dizdaroglu 1996) . This combination of reduced strand-break initiation coupled with increased lesion load is often observed in glycosylase-deficient cells, suggesting that BPA may prevent the initiation of repair of oxidized base lesions, thus reducing the production of toxic strand-break intermediates (Roth and Samson 2002; Sobol et al. 2003) . Given that induction of oxidative stress can have profound consequences on the cellular microenvironment and that sustained oxidative insults have been shown to play a role in pathological processes, such as inflammation, cancer, and neurodegenerative diseases (Benhar et al. 2002; Roberts et al. 2009 ), understanding the mechanisms through which high-dose BPA co-exposure might influence cell survival and cell death in vitro may improve our understanding of the potential consequences of low-dose environmental exposure to BPA.
In the present study, we examined the cellular microenvironment 4 hr after BPA exposure, as in the study reported by Gassman et al. (2015) , and extended the analysis to 24 hr after exposure. As in our previous study, a high dose of BPA over a short exposure period was used to concentrate the effects of BPA and to allow DNA damage and repair effects to be closely monitored. Owing to the efficiency and high catalytic responses of DNA repair proteins, a high-dose/short-duration exposure is often employed to observe DNA repair proteins in action, and our BPA and KBrO 3 doses were selected with these parameters in mind. The high dose of BPA employed in this study was found to be minimally cytotoxic with no observed increase in cell proliferation (Gassman et al. 2015) . Increases in cell proliferation after exposure to BPA are frequently observed at low doses (Lapensee et al. 2009; Pfeifer et al. 2015) ; however, our 150-μM dose of BPA did not increase proliferation in the MEF model system that we used (Gassman et al. 2015) , consistent with other high-dose BPA studies (Ge et al. 2014; Samuelsen et al. 2001) .
Whole-genome microarray analysis was performed to evaluate the global transcriptome changes associated with co-exposure to BPA and KBrO 3 at these two time points and to identify gene targets promoting cell survival that are induced by co-exposure. Further, microenvironment changes in chromatin structure, glutathione content, and pH induced by exposure to BPA, KBrO 3 , or both agents were also examined at these time points to determine whether an adaptive response was induced by co-exposure.
Methods

Chemicals
BPA (Sigma Aldrich) was prepared in absolute ethanol and diluted to the final working concentration in medium. KBrO 3 was dissolved directly in the medium at the time of the experiment.
Cell Culture
Ku70 -/-mouse embryonic fibroblasts (MEFs) (a gift from Dr. Shigemi Matsuyama, Case Western University, Cleveland, OH) were grown at 37°C in a 10% CO 2 incubator in Dulbecco's modified Eagle's medium (DMEM) supplemented with glutamine, 10% fetal bovine serum (FBS; HyClone), 1% nonessential amino acids, and 1% sodium pyruvate (Gama et al. 2009 ). Cells were routinely tested and were found to be free of mycoplasma contamination.
Cytotoxicity Studies
Cytotoxicity was determined by growth inhibition assays. We consider this cell survival assay to be more reliable in MEFs than alternate assays such as clonogenic colony counting or short-term cell killing assays. Results obtained with the cell survival assay were confirmed using other assays. Cells were seeded in six-well dishes at a density of 40,000 cells/well. The following day, cells were exposed to a range of concentrations of BPA alone for 25 hr or to KBrO 3 alone for 1 hr. In other cases, cells were exposed to 150 μM BPA for 1 hr, then a range of KBrO 3 concentrations for 1 hr, and finally with 150 μM BPA for a further 23 hr. For KBrO 3 alone and for BPA plus KBrO 3 co-exposures, after the 1 hr KBrO 3 treatment, the cells were washed with Hanks' balanced salt solution (HBSS), and fresh medium was added with or without BPA. After a 25-hr exposure to BPA, cells were washed with HBSS, and fresh medium was added. Dishes were then incubated for 6-7 days at 37°C in a 10% CO 2 incubator until the untreated control cells were approximately 80% confluent. Cells (triplicate wells for each drug concentration) were counted by a cell lysis procedure (Butler 1984) , and the results were expressed as the number of cells in drug-treated wells relative to the number of cells in control wells (% control growth).
RNA Isolation
Ku70 -/-cells were seeded in 145-mm dishes at 1 × 10 6 cells/dish and were cultured to 80% confluence. Cells were then treated with BPA or KBrO 3 or were co-exposed to BPA and KBrO 3 . KBrO 3 -only cells were treated for 1 hr with 20 mM KBrO 3 , washed with HBSS, and then, fresh medium was added to the cells. Cells were allowed to repair for an additional 3 or 23 hr following treatment. For the BPA-only treatment, cells were incubated for 5 or 25 hr in medium containing 150 μM BPA. For co-exposure, cells were first incubated with 150 μM BPA for 1 hr 
Chromatin Condensation
The level of chromatin condensation was measured using the Hoechst, YO-PRO1, and propidium iodide (PI) stains from the Chromatin Condensation & Membrane Permeability Dead Cell Apoptosis Kit (Life Technologies), similarly to the method reported by Muders et al. (2009) . The intensity of Hoechst staining of DNA in compact chromatin regions, such as heterochromatin, is much more intense then Hoechst intercalated into looser regions of chromatin, such as euchromatin; therefore, the difference in Hoechst intensity can be used to determine the degree of compaction observed across nuclei (Belloc et al. 1994; Hinde et al. 2014; Mora-Bermúdez and Ellenberg 2007; Zink et al. 2003) . Examination of Hoechst intensity across nuclei with confocal microscopy has been used to observe chromatin dynamics in living cells, and here, we extend this type of intensity measure with flow cytometry with the addition of YO-PRO1 and PI staining to identify apoptotic or necrotic cells during analysis. Ku70 -/-cells were seeded in 100-mm dishes at a density of 1 × 10 6 cells/dish and then were treated on the following day with BPA, KBrO 3 , or co-exposed, as described above. Four or 24 hr after the initiation of KBrO 3 treatment, cells were harvested using 0.25% trypsin, washed in 5 mL of PBS, and stained in 1 mL of PBS with 1 μL each of Hoechst 33342 stock solution, YO-PRO-1 stock solution, and PI stock solution at 23°C for 15 min. Staurosporine-treated cells were analyzed as a control for condensed chromatin. Cells were incubated with 2 μM staurosporine for 4 hr at 37°C and then were harvested and stained as described for BPA, KBrO 3 , or co-exposed samples. Stained cells were analyzed with a Becton Dickinson LSRII flow cytometer (BD). The variations in Hoechst staining intensity in the live cells were plotted. The mean fluorescence intensity was reported for the Hoechst channel, which was the only channel to show staining and measurable changes in mean fluorescence intensity for BPA, KBrO3, and co-exposure conditions. Staurosporine-treated cells showed staining in all three channels. The mean intensities ± standard error of the mean (SEM) for at least three experiments are reported.
Reduced Glutathione Assay
Levels of cellular reduced glutathione (GSH) were analyzed using ThiolTracker™ Violet GSH detection reagent (Life Technologies) according to the manufacturer's protocol. Ku70 -/-cells were seeded in 100-mm dishes at a density of 1 × 10 6 cells/dish and were treated as described above. Four or 24 hr after the initiation of KBrO 3 treatment, cells were harvested using 0.25% trypsin, washed in 4 mL of PBS, and stained in PBS containing 10 μM ThiolTracker™ Violet for 30 min at 37°C. Stained cells were analyzed by flow cytometry on an LSRII flow cytometer, and the mean fluorescence intensity was recorded for ThiolTracker™ Violet. The mean intensities ± SEM of three experiments are reported.
pH Measurement
Intracellular pH was quantified by flow cytometry with the pHRodo® Red AM Intracellular pH Indicator (Life Technologies) according to the manufacturer's protocol. pHRodo® is weakly fluorescent at neutral pH and is increasingly fluorescent in acidic pH with a detection range between 4 and 9. Ku70 -/-cells were seeded in 100-mm dishes at a density of 1 × 10 6 cells/dish and were then treated as described above with BPA or KBrO 3 or were co-exposed to both agents. Additionally, for every experiment, a calibration curve was prepared using an Intracellular pH Calibration Buffer Kit (Life Technologies). Four or 24 hr after the initiation of KBrO 3 treatment, cells were harvested using 0.25% trypsin, washed in 4 mL of PBS, and stained with pHRodo® Red at 37°C for 30 min. Cells were then washed twice in PBS, and the calibration curve samples were resuspended in valinomycin and nigericin with pH calibration buffers of pH 5.5, 6.5, and 7.5 for 5 min before analysis, according to the manufacturer's protocol. The addition of valinomycin and nigericin assists in the equilibration of the intracellular space with the pH buffer. Samples were then analyzed by flow cytometry on an LSRII flow cytometer, and the mean fluorescence intensity was recorded for pHRodo® Red. A standard curve was prepared using the calibration buffer intensities, and the pH values were calculated for the control and treated samples. 
Measurement of Oxidatively Induced DNA Lesions
Gas chromatography/tandem mass spectrometry (GC-MS/MS) with isotope dilution was used to identify and quantify modified DNA bases in DNA as described previously (Gassman et al. 2015) .
Statistical Analysis
Measured DNA lesions are expressed as the mean ± standard deviation (SD), and all other values are expressed as the mean ± standard error of the mean (SEM). The data were analyzed by ANOVA and Tukey post hoc analysis. p-Values < 0.05, denoted by * or †, were considered to correspond with statistical significance.
Results
Whole Genome Microarray and Pathway Analysis
To examine cellular changes induced by BPA, KBrO 3 , and the co-exposure conditions, we performed whole genome microarray analysis of cells treated with BPA, KBrO 3 , or co-exposed to BPA and KBrO 3 . KBrO 3 -only cells were treated for 1 hr with 20 mM KBrO 3 , washed, and allowed to repair for an additional 3 or 23 hr following treatment. For BPA-only treatment, cells were incubated for 5 or 25 hr in medium containing 150 μM BPA. For co-exposure, cells were incubated with 150 μM BPA for 1 hr and then with 20 mM KBrO 3 and 150 μM BPA for 1 hr, after which the cells were washed with HBSS; then, fresh medium with 150 μM BPA was added, and cells were allowed to repair for an additional 3 or 23 hr. Treatments were performed in parallel, and repair times after exposures are expressed relative to the initiation of KBrO 3 treatment, even though no KBrO 3 was added in the BPA-only treatment. Gene lists were generated from the average of three biological replicates for each condition, and significant probes were identified by selecting those probes showing a p value < 0.01, as determined by error-weighted ANOVA with Bonferroni multiple-test correction. Duplicate reads and noncoding genes were removed by IPA software. At 4 hr post-damage induction, 4,007 unique genes were altered after treatment with KBrO 3 , BPA, or after co-exposure, and 3,144 unique gene changes were observed 24 hr after damage induction. Figure 2A shows a heat map of the observed gene expression changes 4 hr after treatment, and Figure 3A shows the observed changes at 24 hr. Figure 2B shows a Venn diagram analysis of the gene list 4 hr post-damage induction and illustrates the common and unique gene expression changes among the treatment groups. Figure 3B shows the Venn diagram of these changes at 24 hr post-damage induction.
At 4 hr post-damage induction, 2,008 genes were significantly different from controls after treatment with KBrO 3 only and with BPA + KBrO 3 , and 569 genes were significantly different from controls after all three treatments (Figure 2) . IPA was used to identify the top five networks that were significantly regulated in response to each treatment (Appendix 1, with networks ranked based on score and number of focus molecules), and the top five up-regulated and top five downregulated genes for each treatment are shown in Table 2 (with rankings based on fold change over control with a p-value < 0.01).
Figure 2. Gene expression changes observed by whole genome analysis of mRNA isolated 4 hr after treatment with KBrO 3 , BPA, or co-exposure to both agents as described in "Methods." (A) Heat map of gene expression changes observed after treatment was generated using Partek ® Genomic Suite software with probes selected by a fold change cutoff of ± 1.5 compared with untreated controls and an analysis of variance (ANOVA)-calculated significance level of p < 0.01 (n = 3). (B) Significant probe changes identified using the described criteria are sorted by Venn diagram.
Figure 3. Gene expression changes observed by whole genome analysis of mRNA isolated 24 hr after treatment with KBrO 3 , BPA, or co-exposure to both agents, as described in "Methods." (A) Heat map of gene expression changes observed after treatment was generated using Partek ® Genomic Suite software with probes selected by a fold change cutoff of ± 1.5 compared with untreated controls and an analysis of variance (ANOVA)-calculated significance level of p < 0.01 (n = 3). (B) Significant probe changes identified using the described criteria are sorted by Venn diagram.
Appendix 2 and Table 3 show the topranked networks and induced and repressed genes observed after 24 hr. There are no common top networks associated with each treatment at 4 or 24 hr; however, there are common top genes induced or repressed at each time point. Cells treated with KBrO 3 alone and co-exposed to BPA both showed up-regulation of GSTA5 at both 4 and 24 hr; up-regulation of IL18R was observed at 4 hr, and up-regulation of ROBO3 was observed at 24 hr. Down-regulation of Cyp2d22 and Akr1b10 at 4 hr and of HP and CYP2F1 at 24 hr was also observed for both KBrO 3 -containing treatments. Up-regulation of EGR4 at 4 hr was the only common change observed for BPA-only and KBrO 3 -only treatments. Overall, each treatment condition altered network signaling and gene expression in a different manner, with the greatest overlap observed for the KBrO 3 and co-exposure conditions, as illustrated by the heat maps and Venn diagrams (Figures 2 and 3) .
A total of 755 genes were significantly different from controls in co-exposed cells at 4 hr, and 755 genes were also significantly different at 24 hr, but only 86 genes were common to both time points. IPA was performed on the 669 significant genes that were unique to co-exposed cells at 4 hr, and on the 669 significant genes that were unique to co-exposed cells at 24 hr, and the top five networks based on the unique genes at each time point are shown in Appendix 3.
Two of the top five networks identified by IPA that were unique to the co-exposure condition at 24 hr are DNA Replication, Recombination networks (Appendix 3), and Figure 4A and B show these networks. Genes regulated by co-exposure in these networks include members of the base excision repair (BER), the nucleotide excision repair (NER), and double-strand break repair pathways. To better understand the gene expression changes induced by the three treatment conditions after 24 hr, we examined common DNA repair genes involved in the repair of oxidatively induced DNA damage from the BER, NER, and double-strand break repair pathways (Table 4) . After 24 hr of treatment with BPA alone, no significant gene expression changes over control were observed in these genes, with Rad51 being the only exception. Cells treated with KBrO 3 alone and co-exposed cells showed differential expression of these repair genes, with significant changes observed after co-exposure for the BER proteins Apex1, Lig3, Pnkp, Ogg1, and Tdp1, and for the NER proteins ERCC4, ERCC5, and ERCC8. Table 5 shows the expression of these genes 4 hr after the induction of DNA damage with KBrO 3 . As shown in Table 5 , treatment with BPA alone again had little effect on the expression of DNA repair genes, whereas differential expression was observed for cells treated with KBrO 3 alone and those co-exposed to BPA. Interestingly, there was suppression of a number of genes involved in the removal of oxidatively induced DNA lesions, such as Ogg1, Neil1, and Neil3, and of genes involved in the subsequent gap-filling reaction, PolB and PolL. With the exception of Ogg1, for which changes in gene expression were observed at both 4 and 24 hr, these changes were unique to the 4-hr time point. These observed changes in gene expression at both 4 and 24 hr are consistent with BPA co-exposure inducing an adaptive response through gene regulation changes after the 4-hr time point.
Chromatin Condensation
Given the observed reduction in gene expression associated with BER and NER at 4 hr and our previous results indicating an increase in oxidatively induced DNA lesions coupled with a reduction in DNA strand breaks (Table 1) (Gassman et al. 2015) , DNA repair may be altered during the first 4 hr of exposure, when repair of oxidatively induced DNA lesions typically occurs (Hollenbach et al. 1999; Jaruga and Dizdaroglu 1996) . Chromatin structure has been demonstrated to regulate the access of DNA repair proteins to sites of DNA damage, and alterations in the chromatin structure have been shown to reduce the excision of lesions, such as 8-oxoGua (Amouroux et al. 2010) .
To evaluate chromatin structure after BPA exposure and after co-exposure, we used a DNA-intercalating dye, Hoechst 33342, and flow cytometry to examine the degree of compaction. Hoechst 33342 brightly stains condensed chromatin (e.g., heterochromatin) and dimly stains looser transcription-ready chromatin (e.g., euchromatin) in live cells (Belloc et al. 1994; Khurana et al. 2014; Mora-Bermúdez and Ellenberg 2007; Zink et al. 2003) . In this assay, the intensity of Hoechst staining in treated cells that are not undergoing apoptosis is measured, as indicated by the lack of YO-PRO and PI staining, and any observed shift in the mean intensity of the Hoechst dye then reveals the degree of chromatin compaction induced by treatment ( Figure 5 ). With this technique, chromatin compaction was observed 4 hr after treatment with BPA alone and after co-exposure to BPA and KBrO 3 (156% ± 12.5% and a Samples treated with 150 μM BPA only were exposed for 5 hr; those treated with 20 mM KBrO 3 only were exposed for 1 hr, then medium was replaced for 3 hr; and samples co-exposed to 150 μM BPA were exposed for 1 hr, then exposed to 150 μM BPA + 20 mM of KBrO 3 for 1 hr, followed by exposure for 3 hr to 150 μM BPA only. b Gene expression fold change was evaluated in comparison with untreated control with all p-values < 0.01. a Samples treated with 150 μM BPA only were exposed for 25 hr; those treated with 20 mM KBrO 3 only were exposed for 1 hr, then medium was replaced for 23 hr; and co-exposed samples were exposed to 150 μM BPA for 1 hr, then exposed to 150 μM BPA + 20 mM of KBrO 3 for 1 hr, followed by exposure for 23 hr to 150 μM BPA only. b Gene expression fold change was evaluated in comparison with untreated control with all p-values < 0.01.
volume 124 | number 8 | August 2016 • Environmental Health Perspectives 128% ± 14.4% of control, respectively). This compaction may prevent DNA glycosylases from accessing oxidatively induced DNA lesions and is consistent with the lesion persistence and strand-break signaling reduction that have previously been reported (Gassman et al. 2015) . At 24 hr, the degree of chromatin compaction in BPA-treated cells was reduced significantly from that at the 4-hr time point, but it remained slightly higher than in untreated cells (110% ± 2.7% of control). In contrast, the KBrO 3 -treated cells showed compaction (133 ± 5.3% of control) at 24 hr, indicating that KBrO 3 -treated cells may have started to undergo apoptosis. Finally, co-exposed cells were consistent with untreated cells (99.6 ± 6.5%).
Oxidatively Induced DNA Damage
Previously, we determined that a significant amount of oxidatively induced DNA lesions persisted in genomic DNA 4 hr after DNA damage induction [ Table 1 and (Gassman et al. 2015) ], and this retention of lesions is consistent with the reduced access of DNA glycosylases to DNA lesions in condensed chromatin (Amouroux et al. 2010) . Because this compaction was reduced 24 hr after co-exposure, and because the microarray analysis supported the up-regulation of DNA repair genes, we quantified oxidatively induced DNA lesions in DNA isolated from treated cells 24 hr after damage induction to determine whether an increase in DNA lesions could still be observed 24 hr after treatment. GC-MS/MS with isotope dilution, as described by Gassman et al. (2015) and by Reddy et al. (2013) , was used to quantify lesions in isolated nuclear DNA. The mean ± SD values for the quantified DNA lesions are summarized in Table 6 .
Our previous results showed a significant accumulation of lesions in cells treated with BPA alone (ThyGly) and in cels co-exposed to BPA and KBrO 3 (ThyGly, FapyAde, and FapyGua) 4 hr after damage induction [ Table 1 and (Gassman et al. 2015) ]. Here, we observed no significant accumulation of lesions over control at 24 hr after damage induction. The ThyGly and FapyAde levels were consistent with or lower than those in the control; the FapyGua levels reflected a slight, but nonsignificant, increase in lesion content over the control; and there was a slight, but nonsignificant, decrease in 8-oxoGua content. These results are consistent with the loss of oxidatively induced DNA lesions between 4 and 24 hr.
Cellular GSH Levels
In addition to generating oxidatively induced DNA lesions, exposure to oxidative stress can alter the cellular microenvironment and reduce the cellular redox balance. Depletion of intracellular glutathione has been previously observed after BPA exposure (Jain et al. 2011; Kabuto et al. 2003; Wu et al. 2013) . To confirm that BPA alters the cellular microenvironment in a timedependent manner, we measured depletion of intracellular GSH with a fluorescent dye, ThiolTracker™ Violet, which reacts with reduced thiols in live cells. At 4 hr after exposure, the GSH levels in the treated cells were consistent with those in the control, although a small shoulder in the mean intensity profile of the ThiolTracker™ dye appeared in both BPA samples; this indicates that GSH was beginning to be depleted because the fluorescence intensity of the ThiolTracker™ was being reduced in the cell population as a result (Figure 6 ). At 24 hr after exposure, the GSH levels of cells exposed to BPA were reduced, and a clear second population was observed in the co-exposed cells (Figure 6 , indicated by the arrow). Although the flow histograms show the appearance of a second population, a consistent gating could not be found for all treatments to reflect this change in the mean intensity. Therefore, we have presented a representative histogram for the treatments but also report that there were no significant changes observed in the average mean intensity over control for all treatments.
Intracellular pH
Induction of oxidative stress and depletion of intracellular GSH can also induce changes in intracellular pH. To determine the effects of BPA exposure on intracellular pH, we measured intracellular pH at 4 and 24 hr after treatment (Table 7) . At 4 hr post-damage induction, KBrO 3 alone induced a significant shift in intracellular pH to 6.8. Treatment with BPA alone did not significantly alter the intracellular pH relative to the untreated control. However, BPA co-exposure resulted in a pH of 7.0, which is significantly higher than the pH observed after KBrO 3 treatment (p < 0.05). At 24 hr post-damage induction, the intra cellular pH of cells treated with KBrO 3 alone was similar to the control, whereas the co-exposed cells were significantly acidic compared with the control and the KBrO 3 -only treated cells (p < 0.05). The delay in the pH drop may be a result of the depletion of GSH, as shown in Figure 6 . Overall, BPA co-exposure appeared to mitigate the pH alterations induced by KBrO 3 -induced oxidative stress at the 4-hr time point.
Discussion
Numerous reports have indicated that BPA exposure induces global transcriptome and epigenetic changes that can have long-term consequences for cellular regulatory networks and signal transduction pathways (Bromer Table 4 . Selected DNA repair genes identified at 24 hr post-damage induction a , with the magnitude of the fold change over control for genes with p values < 0.05. n.c., No significant change over control. a Samples treated with 150 μM BPA only were exposed for 25 hr; those treated with 20 mM KBrO 3 only were exposed for 1 hr, then medium was replaced for 23 hr; and samples co-exposed to 150 μM BPA were exposed for 1 hr, then exposed to 150 μM BPA + 20 mM of KBrO 3 for 1 hr, followed by exposure for 23 hr to 150 μM BPA only. b Gene expression fold change was evaluated in comparison with untreated control with all p-values < 0.05. n.c., No significant change over control. a Samples treated with 150 μM BPA only were exposed for 5 hr; those treated with 20 mM KBrO 3 only were exposed for 1 hr, then medium was replaced for 3 hr; and samples co-exposed to 150 μM BPA were exposed for 1 hr, then exposed to 150 μM BPA + 20 mM of KBrO 3 for 1 hr, followed by exposure for 3 hr to 150 μM BPA only. Fernandez et al. 2012; Lee et al. 2008; Naciff et al. 2002; Patterson et al. 2015; Ptak et al. 2011; Tabuchi et al. 2006; Weng et al. 2010; Yin et al. 2014) . Although dosing conditions and exposure times can be highly variable in the literature, most studies report alterations in DNA response and repair pathways, and a number of studies have shown that BPA exposure induces oxidative stress and oxidatively induced DNA lesions at both environmentally relevant low doses (in the picomolar-nanomolar range) (Koong and Watson 2015; Pfeifer et al. 2015) and at high doses (Babu et al. 2013; Gassman et al. 2015; Jain et al. 2011; Kabuto et al. 2003; Lee et al. 2008; Tiwari et al. 2012; Wu et al. 2013; Yang et al. 2009 ). Our previous work confirmed these results by revealing that treatment with high doses of BPA and KBrO 3 alone generated ROS and oxidatively induced DNA lesions [ Table 1 and (Gassman et al. 2015) ] and by demonstrating an increase in ROS after co-exposure, both through indirect measurement of the generated ROS and through measurement of the significant increase in oxidatively induced lesions (Gassman et al. 2015) . However, features of how the cellular microenvironment reacts to BPA-induced oxidative stress and responds to the induced DNA damage have been less well understood. Here, we present evidence that BPA exposure alters the microcellular environment to promote cell survival after the induction of additional oxidative stress by the oxidizing agent KBrO 3 . Alteration of the chromatin structure through compaction and remodeling has been previously reported after the induction of oxidative stress by hydrogen peroxide (O'Hagan et al. 2011) , KBrO 3 (Amouroux et al. 2010) , and after light activation of the KillerRed fluorescent protein (Lan et al. 2014) . Further, this compaction has been shown to reduce recruitment of the DNA glycosylase Ogg1, delaying the repair of oxidatively induced DNA lesions (Amouroux et al. 2010) , and to promote the suppression of transcription and the accumulation of epigenetic marks silencing genes (O'Hagan et al. 2011) . Because high-dose BPA and KBrO 3 have been shown to induce ROS (Gassman et al. 2015) , we evaluated the compaction of chromatin using Hoechst staining. We observed a transient compaction of chromatin 4 hr after exposure to KBrO 3 and co-exposure to KBrO 3 and BPA. This compaction may reduce the repair of oxidatively induced DNA lesions, reflected in an increased DNA lesion load consistent with our previous results (Gassman et al. 2015) , and may promote the silencing of gene expression, consistent with the down-regulation of DNA repair proteins involved in BER that was observed in the microarray analysis (Table 5) .
BPA
Coupled with the observed chromatin changes 4 hr post-damage initiation, KBrO 3 / BPA co-exposure also significantly reduced the drop in intracellular pH observed after treatment with KBrO 3 alone (Table 7) . Oxidative stress alters the balance of intracellular redox machinery and can modify cellular membrane ion transport channels (Clerici et al. 1992) . Changes in the cellular Na + /H + antiporter activity and an increase in intracellular pH have been reported after exposure to estrogen and estradiol (Ediger et al. 1999; Incerpi et al. 2003; Kilić et al. 2009 ). Here, no increase in intracellular pH was observed after BPA exposure, and to our knowledge, no reports of intracellular pH changes with BPA exposure have been previously reported.
Although depletion of GSH by ROS often results in changes in the cellular Na + / H + antiporter activity and is associated with a drop in intracellular pH (Ciriolo et al. 1997; Cutaia and Parks 1994) , no significant depletion of GSH was observed 4 hr postdamage induction for any of our treatment conditions (Figure 6 ). The intracellular pH drop observed after KBrO 3 treatment was most likely the result of the increase in free K + released upon the formation of the reactive bromate anions. Effects of K + efflux from KCl exposure have been previously described a Samples treated with 150 μM BPA only were exposed for 25 hr; those treated with 20 mM KBrO 3 only were exposed for 1 hr, then medium was replaced for 23 hr; and co-exposed samples were exposed to 150 μM BPA for 1 hr, then exposed to 150 μM BPA + 20 mM of KBrO 3 for 1 hr, followed by exposure for 23 hr to 150 μM BPA only. b Measurements were made by GC/MS as described in "Methods." in the literature (Adler and Fraley 1977) , although, to our knowledge, our observation of a decrease in intracellular pH following KBrO 3 exposure is the first. There are numerous possible explanations for how BPA exposure prevents the drop in intracellular pH, from activation of the mitogen-activated protein kinase (MAPK) pathway (Lee et al. 2008) to stimulation of the antiporter system. Further studies are needed to explore the mechanism by which BPA stabilizes against the drop in intracellular pH. At 24 hr post-damage induction, the suppressive aspects of BPA exposure observed at the 4-hr time point transitioned into cellular microenvironment changes conducive to DNA repair. These changes are consistent with the stimulation of an adaptive response that results in chromatin relaxation in the time period between 4 and 24 hr. At 24 hr, the BPA-treated cells, which showed chromatin compaction compared with the control at 4 hr, were consistent with the control untreated cells; whereas KBrO 3 -treated cells showed compact chromatin at this time point, which may have reflected a progression toward apoptosis ( Figure 5 ). The relaxation of chromatin was also reflected in the microarray results, where up-regulation of DNA repair genes involved in the repair of oxidatively induced DNA damage was observed (Table 4) . Finally, the observed 7.2 ± 0.08 † 7.0 ± 0.14* † a Intracellular pH was quantified by flow cytometry using pHRodo®. b Samples treated with 150 μM BPA only were exposed for 5 or 25 hr; those treated with 20 mM KBrO 3 only were exposed for 1 hr, then medium was replaced for 3 or 23 hr; and co-exposed samples were exposed to 150 μM BPA for 1 hr, then to 150 μM BPA + 20 mM KBrO 3 for 1 hr, followed by exposure to 150 μM BPA only for 3 or 23 hr. *p < 0.05 compared with untreated controls. † p < 0.05 compared with KBrO 3 alone. (Table 6 ) may indicate the promotion of DNA repair, although further work is required to establish the underlying mechanisms of repair utilized to remove the induced DNA lesions. Finally, at 24 hr post-damage initiation, a slight, but nonsignificant, reduction in GSH was observed in BPA-exposed cells, and the intracellular pH of the co-exposed cells dropped significantly compared with the control; however, unlike the KBrO 3 -only cells, the pH remained within the range of values observed for the control cells. GSH depletion has previously been observed after exposure to BPA and has been hypothesized to contribute to its prooxidant effects (Babu et al. 2013) .
Taken together, these results support a dynamic alteration of the cellular microenvironment in our mouse fibroblast model system that was initiated after co-exposure ( Figure 7 ). Although BPA exposure alone can alter gene expression (Bromer et al. 2010; Fernandez et al. 2012; Lee et al. 2008; Naciff et al. 2002; Patterson et al. 2015; Ptak et al. 2011; Tabuchi et al. 2006; Weng et al. 2010; Yin et al. 2014) , deplete GSH (Jain et al. 2011; Kabuto et al. 2003; Wu et al. 2013) , and induce oxidative stress in cells (Babu et al. 2013; Xin et al. 2014; Yang et al. 2009 ), this work demonstrates that high-dose BPA exposure coupled with endogenous or exogenous stresses, such as KBrO 3 -induced oxidative stress, can dramatically alter the microcellular environment and can delay and alter DNA damage response and repair.
These effects are largely uncharacterized in the literature, where the focus has been on examining the endocrine-disrupting functions of BPA or on the characterization of DNA-damaging effects of BPA exposure alone. To that end, it is important to note that our model system utilized normal serum. Our high-dose/short-duration model coupled with normal serum does not directly assay the interactions between BPA and estrogenic chemicals in the serum, nor does it exclude estrogen receptor-mediated effects. However, because the observed cellular effects reported here occur in concert with these other exposures, the fact that mixture effects are complex and poorly understood is further emphasized. Despite the presence of competing estrogenic chemicals, our study nevertheless shows effects of BPA alone that are consistent with those observed in a large number of previous studies (Babu et al. 2013; Jain et al. 2011; Kabuto et al. 2003; Nishimura et al. 2014; Wu et al. 2013; Xin et al. 2014; Yang et al. 2009 ) Furthermore, the results of our whole genome microarray analysis, when compared with those of other published studies, shows consistency in the gene expression patterns for DNA repair proteins, inflammatory markers, and oxidative stress-related genes that have been observed at much lower doses (Bromer et al. 2010; Fernandez et al. 2012; Lee et al. 2008; Naciff et al. 2002; Patterson et al. 2015; Ptak et al. 2011; Tabuchi et al. 2006; Weng et al. 2010; Yin et al. 2014) .
Overall, the cellular responses to KBrO 3 / BPA co-exposure observed in this study are striking, and it is clear from our results that BPA induced oxidative stress and promoted changes to the microcellular environment. These results, although obtained in a cellular model optimized for the study of DNA repair and damage response, have implications for the design of future animal and population-based studies.
We believe that our study highlights the importance of co-exposure effects, especially co-exposure with oxidative stress. The prooxidant activities of BPA and the adaptive response identified here indicate that BPA co-exposure may influence disease development and progression, particularly of inflammatory diseases, which have been linked to BPA exposure (Bindhumol et al. 2003; Chitra et al. 2003; Yang et al. 2009 ). Future animal model and population-based studies should consider incorporating additional oxidative stress and adaptive response indicators into their study designs to better contextualize the health effects of BPA.
Conclusions
In our Ku70-deficient MEF model, co-exposure of high-dose BPA with the oxidizing agent KBrO 3 revealed evidence of changes to the cellular microenvironment that may indicate an adaptive response that promotes cell survival, despite an increase in oxidative stress. We interpret our observations as being consistent with underlying mechanisms whereby BPA-exposed cells undergo an initial period of DNA repair suppression following exogenous damage induced by KBrO 3 , which is followed by an induced adaptive response, unique to the co-exposure condition, that results in whole genome expression changes, chromatin remodeling, depletion of intracellular GSH, and alterations in intracellular pH. However, although we believe that these hypothesized mechanisms are consistent with our observations, they need to be confirmed in other experimental models.
